Objectives. Cigarette smoking is a major risk factor for RA and has been associated with increased disease severity and lower rates of disease remission. We hypothesized that inflammation and disease activity would be associated with smoking status and this would be related to levels of ACPA.
Introduction
Multiple studies have demonstrated that tobacco use, usually in the form of cigarette smoking, is a major risk factor for the development of seropositive RA [1, 2] , and a model for smoking driving the development of ACPA has been previously proposed [35] .
However, less well studied is the contribution of smoking in established RA with respect to disease severity or outcomes. Several studies have reported that any tobacco exposure was associated with increased radiographic severity and worse functional outcomes compared with non-smokers [69] . However, such studies do not indicate whether the potential effect of smoking on the RA disease course is imparted prior to or at the onset of clinical disease and, more importantly, whether its effects might be reversible with smoking cessation. It is also unknown whether any effects on the disease course or severity are limited to seropositive individuals as has been demonstrated with disease risk. Such information could provide a highly actionable intervention in the education of current smokers as to yet another health benefit of smoking cessation and, potentially, the formal institution of smoking cessation programmes as part of routine care in RA patients.
We sought to evaluate the association of current, former and never smoking status with RA disease activity and, indirectly, to explore whether smoking cessation might negate this risk and return patients to disease activity states corresponding to never smoking status. Additionally, we attempted to dissect potential mechanisms by which smoking may contribute to disease burden. We hypothesized that current smoking, referent to former and never smoking status, would be associated with increased disease activity as reflected in circulating concentrations of pro-inflamamtory cytokines and clinical assessments. Furthermore, we hypothesized that this difference would be most evident among seropositive patients.
Methods

Patient samples and clinical measures
Study participants included US Veterans enrolled in the Veterans Affairs RA (VARA) registry from sites across the USA [10] . The registry has received Institutional Review Board approval at each site, and the Stanford Institutional Review Board approved the biomarker measurements performed on RA samples. All patients satisfied the 1987 ACR classification criteria for RA [11] and provided informed written consent. The VARA Scientific Ethics Advisory Committee also approved the study, and all patients provide informed consent for participation. Subjects in this study include a cohort of 1488 Veterans with RA; 1130 (76%) of whom were positive for anti-CCP2 antibodies and for whom detailed demographics are presented in Table 1 . Banked serum was available for a representative population of 1466 subjects (1127 of 1130 anti-CCP positive) and was used for multiplex cytokine and autoantibody analysis.
In addition to banked sera, VARA collects clinical data including a DAS28 using the ESR at enrolment, as well as the measurement of ACPA using the second-generation anti-CCP2 antibody ELISA (Diastat, Axis-Shield Diagnostics Ltd, Dundee UK, positivity 55 U/ml). RF (positivity 515 IU/ml) and high-sensitivity CRP (hs-CRP) were measured on banked serum by nephelometry (Siemens, Germany). While VARA is a multicentre project, standardized autoantibodies are measured in a single investigator's laboratory (G.M.T.).
Measures of disease activity collected at enrolment include tender and swollen joint counts (028), ESR (in millimetres per hour), pain (010), multidimensional HAQ (MD-HAQ, 03) [12] , patient and provider global assessments (0100) and treatments. A co-morbidity count (09) was calculated for each patient using administrative codes [13] .
Multiplex cytokine analysis
Multiplex analysis of cytokines and chemokines in human serum was performed by using the 17 cytokine Bio-Plex ProHuman Cytokine Assay (BioRad, Hercules, CA) run on the Luminex 200 system (Luminex, Austin, Tx) according to the manufacturer's instructions with the exception that a proprietary BioRad assay dilution buffer was modified to contain reagents demonstrated to reduce the effects of heterophilic antibodies, such as RF, in multiplex immunoassays, as previously described [14] . To examine both the depth and the breadth of cytokine expression, we calculated both a cytokine score and the number of cytokines and/or chemokine analytes that were present in high concentrations (number positive), the latter defined as > 2 s.D. above the mean in the entire RA cohort. Cytokine score was calculated as the sum of normalized fluorescence values (normalized as the cytokine value divided by the mean value of each cytokine across the cohort). Data processing was performed by using Bio-Plex Manager 5.0, and analyte concentrations were interpolated from standard curves.
Multiplex ACPA arrays Antibodies targeting 37 putative RA-associated autoantigens were measured using a custom bead-based immunoassay on the BioPlex platform as previously described [14, 15] . Of the 37 antigens, 30 are citrullinated and 7 are native controls for their citrullinated counterparts. Briefly, serum was diluted and mixed with spectrally distinct florescent beads conjugated with putative RAassociated autoantigens, followed by incubation with anti-human phycoerythrin antibody and analysis on a Luminex 200 instrument. As detailed above for cytokines and chemokines, both an ACPA score (estimating depth of the ACPA response; calculated as above for cytokine score) and the number ACPA positive (representing breadth of the ACPA response) were also examined by patient group.
Data analysis
Our primary analyses focused on anti-CCP2 antibodypositive patients (n = 1130), whereas anti-CCP2-negative subjects (n = 339) were analysed and reported separately (supplementary Table S1 , available at Rheumatology Online). Patients were categorized based on self-reported smoking status at the time of enrolment, including current smokers (n = 321), former smokers (n = 599) or never smokers (n = 210). We have previously shown that among VARA participants reporting current smoking, 94% had detectable levels of serum cotinine [16] , a metabolite of nicotine and a reliable biomarker of recent tobacco exposure [17] . Among those reporting former or never smoking, 84% had no detectable serum cotinine [16] . Crosssectional comparisons of patient characteristics were examined by smoking subgroup using analysis of variance (ANOVA). Unadjusted comparisons of the eight continuous disease activity measures assessed at enrolment were examined using one-way ANOVA with Scheffe's post hoc test to compare each of the three subgroups. The association of smoking status with DAS28 level was examined as the primary measure of disease activity, with other measures examined, including separate DAS28 components, examined as secondary outcomes. CRP was log-transformed prior to analysis to render a more normal distribution. With highly skewed distributions, levels of serum cytokines/chemokines and ACPA (as calculated by a weighted score and number positive) were compared between current, former and never smokers using the non-parametric KruskalWallis test with Dunn's post hoc test. We examined whether the associations observed between smoking status and disease activity at enrolment were independent of other covariates, including age, sex, disease duration, co-morbidity score, race/ethnicity and treatments, including use of MTX, prednisone or biologics. For multivariable analyses, never smokers served as the referent population. Analyses were completed using STATA v12 (StataCorp, College Station, TX, USA), SAS v9.3 (SAS Institute, Cary, NC, USA) and Prism GraphPad v5 (GraphPad Software, La Jolla, CA, USA).
To examine the relationship of smoking status with individual inflammatory parameters, multiplex cytokine comparisons were performed using significance analysis of microarrays (SAM) version 3.08 [18] . Owing to difficulties with multivariate adjustment of multiplex data, a subset of current, former and never smokers (all anti-CCP + ; n = 107 per group) was matched by age (0.5 years), sex and disease duration (0.5 years). Output was sorted based on false-discovery rates in order to identify the cytokines or chemokines with the greatest differences in concentrations between smoking subgroups. The use of false-discovery rates obviates the need to adjust for multiple comparisons. Hierarchical clustering was performed using Cluster Õ 3.0 (Cluster, Berkeley, CA) to arrange the SAM results according to similarities among cytokine specificities, and results were displayed using Java Treeview Õ (Version 1.1.3) (Treeview, Berkeley, CA).
Results
Smoking status in the VARA cohort Enrolment characteristics of the 1130 anti-CCP2-positive RA patients examined are summarized in Table 1 . A majority were men (89%), with a mean age of $63 years. Roughly one in four (27.1%) were never smokers, 52.4% former smokers and 20.5% current smokers. Women were less likely to be never smokers, and more never smokers reported a higher level of education. Current and former smokers had a higher proportion of patients positive for RF and an increased prevalence of rheumatoid nodules. Current smokers were younger at enrolment and tended to have shorter disease duration, increased prednisone use and slightly less MTX use compared with former and never smokers.
Current smoking status is associated with increased inflammatory cytokines
Anti-CCP2-positive current smokers exhibited a significantly higher cytokine score (overall ANOVA, P < 0.0001; current vs former and current vs never, P < 0.001) and number of cytokines positive compared with former or never smokers (Fig. 1A and B) . SAM analysis using samples from current, former and never smokers matched for age, sex and disease duration demonstrated that circulating concentrations of multiple circulating inflammatory cytokines/chemokines, including IL-2, IL-6, IL-12, IL12p70, IFNg, GM-CSF, MCP-1 and TNF-a, were significantly increased in current smokers compared with former and never smokers (q < 0.1%; Fig. 2) . Notably, the cytokines/chemokines differentially elevated among current smokers were many of those strongly implicated in RA disease pathogenesis, whereas several other cytokines/chemokines, including IL-4, IL-5, IL-7, IL-8, IL-10 and MIP1b, were not differentially expressed between current and former/never smokers.
Current smoking status is associated with increased RA disease activity
Among anti-CCP2-positive patients, current smokers exhibited significantly higher levels of RA disease activity [DAS28 4.6 (1.7)] than never smokers [DAS28 3.7 (1.6); overall ANOVA, P < 0.001; current vs never, P < 0.001; Table 2 ]. Former smokers demonstrated levels of RA disease activity [DAS28 3.9 (1.5)] significantly lower than current smokers (current vs former, P < 0.001) and similar to never smokers. These results persisted following post hoc adjustment for comparisons across three groups as well as when adjusted for multivariable associations including age, sex, disease duration, co-morbidity score, race/ethnicity and treatments, including methotrexate, prednisone or biologics (Table 3) . A similar pattern of increased disease activity/severity among current smokers was observed for nearly all components of the DAS28 score, including tender and swollen joint counts and patient global assessment, although there was no association with ESR (data not shown). Similar associations of smoking status were observed with MD-HAQ, pain, provider global and log-CRP values (Table 2) . Notably, these differences were observed only among subjects positive for anti-CCP2 antibody and were attenuated and non-significant among anti-CCP2-negative individuals (supplementary Table S1 , available at Rheumatology Online). Although a smaller population than the seropositive subjects, formal power analysis (based on the effect size observed in the anti-CCP2-positive subjects) suggested that this substudy was powered to identify a signficant difference in DAS28 if one existed.
Association of autoantibody levels among current and former smokers
We hypothesized that the reduced disease activity seen in former smokers would be associated with reduction in anti-CCP2 and/or ACPA titres. We observed significantly increased anti-CCP2 ELISA titres among both current and former smokers, relative to never smokers (Fig. 1C) . Likewise, by antigen microarray, we observed increased depth (ACPA score; P = 0.019) and breadth of the ACPA response (number of ACPA positive; P = 0.004) in current smokers compared with never smokers (Fig. 1D and E) . Notably, although both anti-CCP2 and ACPA scores were numerically higher in current smokers compared with former smokers, this small difference was not statistically significant, and thus, reduced levels of inflammation and disease activity were not associated with a reduction in circulating ACPA. In contrast to the lack of differences in ACPA titres between current and former smokers, compared with current smokers we did observe a significantly lower titre of RF among former smokers and never smokers (both P < 0.001), with a much smaller but significant reduction among never smokers compared with former smokers (P = 0.04; Fig. 1F ).
Discussion
The association between smoking and the development of RA is well established. The fact that smoking-associated RA risk is limited to the seropositive RA population [5] implicates a role for smoking in the generation of RA-associated autoantibodies or, potentially, the generation of cognate antigen, both of which have been observed [4, 19] . Whether such an effect can also contribute to RA disease activity remains less well defined.
We observed significantly higher levels of multiple serum cytokines as well as as clinical measures of RA disease activity among current smokers compared with both former and never smokers. Notably, the cytokines found to be elevated in current smokers were many of the molecules that have been most strongly implicated in RA disease pathogenesis (including TNF-a, IL-2, IL-6, IL-12, IL-12p70 and IFNg), whereas several other cytokine/chemokines were not found to be different by smoking status. Interestingly, another cytokine elevated among current smokers was GM-CSF, a mediator implicated in osteoclastogenesis [20] , perhaps providing insight into earlier reports linking smoking with increased structural damage [8, 9, 21] .
We initially hypothesized that reduced disease activity among both never and former smokers would be correlated with a reduction in the breadth and depth of the ACPA response. However, levels of ACPA were relatively similar between both former and current smokers, even after stratification to the anti-CCP-positive population.
FIG. 1 Differential associations of serum cytokines, ACPAs and RF with smoking status
Anti-CCP2-positive patients were categorized into subgroups including current (n = 321), former (n = 599) or never (n = 210) smokers. Levels of serum cytokines were measured by multiplex immunoassay, levels of ACPA were assessed by measurement of autoantibodies against 37 putative targets of the RA immune response, and levels of IgM RF were measured by nephelometry. Comparisons between groups were performed using the KruskalWallis test with Tukey's multiple comparison post hoc test. The cytokine score (A) and number of cytokines (B) were higher among current smokers, whereas levels of anti-CCP2 (C), ACPA score (E) and ACPA number (F) were higher in both current and former smokers compared with never smokers. (D) RF titre was significantly higher among current smokers than former and never smokers.
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Cigarette smoking and RA disease activity at Stanford University on November 4, 2016 http://rheumatology.oxfordjournals.org/ Thus, although ACPA levels seem imprinted in current or former smokers, measures of inflammation and disease activity appear to fall in the setting of smoking cessation. Interestingly, we observed a corresponding decrement in RF titre among former smokers (relative to current smokers) to a level approaching never smokers, an observation supporting prior studies associating the presence and titre of RF with smoking status [8, 19, 2225] . However, this is the first study, to our knowledge, to demonstrate meaningful differences in RF concentration between current and former cigarette smokers as manifested by a corresponding reduced level of disease activity. Thus, the correlation of RF titre with smoking status suggests it to be a potential driver of autoantibody-mediated inflammation and supports recent work by our group and others demonstrating the capacity for RF to potentiate the inflammatory capacity of ACPA immune complexes [26, 27] .
Another possible explanation is an antibody-independent effect of smoking cessation. Supporting this assertion is evolving evidence that smokers with axial spondyloarthritis have more severe spinal damage than non-smokers [28, 29] . However, in our cohort, the increased disease activity among smokers was not observed in the anti-CCP-negative population, suggesting that other factors interact with ACPA upon tobacco exposure. We propose that although levels of APCA are determined early and remain relatively stable over time, smoking continues to effect the   FIG. 2 Increased RA-associated cytokines are identified among current compared with former and never smokers Levels of 17 cytokines were compared between age-and sex-matched subgroups of current, former and never smokers (n = 107 subjects per group) using a bead-based multiplex cytokine assay. Using significance analysis of microarrays, output was sorted based on false-discovery rates in order to identify cytokines with the greatest differences between subgroups. production of citrullinated antigen and thus unfavourably alters the dynamics of ACPAimmune complex formation. Such fuelling of the fire [30] is supported by studies which have identified production of citrullinated proteins in both the lungs [4, 31] and periodontium of smokers relative to non-smokers [32] .
Similar to our results, several studies have associated current smoking with increased measures of disease activity [9, 21, 23] , whereas others did not observe differences in levels of disease activity but did report increased disease damage [8, 33, 34] among current smokers. Our results are unique in the inclusion of current and former smokers, thus enabling separation of the effect of current smoking from ever smoking. Notably, our results differ slightly from two recent cohort studies that studies examined the impact of smoking cessation (127 and 333 patients, respectively) on clinical measures of disease activity, and neither of these (relatively small) studies demonstrated a significant reduction in disease activity during the duration of clinical observation.
Interestingly, most of the studies identifying higher levels of disease activity among current smokers included longer periods of observation than the shorter prospective studies, perhaps suggesting that benefits related to smoking cessation may require longer smoke-free periods. As such, in our study, the suggested effects of smoking cessation may have occurred prior to the time of enrolment in the VARA cohort. Also in contrast to our study, many earlier studies did not stratify analyses by anti-CCP2 status nor did any include multiplex biomarker assessments of inflammation, which might have demonstrated dynamic change during even a brief smoke-free period of observation.
Strengths of our study include the size of the cohort, the extent of clinical and serological data, as well as the measurement of multiplex cytokines, which provide a surrogate of disease amelioration among former and never smokers. An important limitation is the cross-sectional nature of our study. With only one time point for assessment, we cannot be sure that a reduction in disease activity was directly correlated with smoking cessation. Likewise, data relevant to the quantity of current or former tobacco exposure (i.e. pack-years or packs per day) and time from smoking cessation among former smokers were not available in this cohort. Two previous studies have reported a discrepancy in results regarding the association of cumulative smoking with RA disease severity [23, 34] . Perhaps more so than other patientreported data, it can be challenging to confirm genuine smoking status, let alone quantitative exposure. However, a sensitivity analysis performed using levels of serum cotinine, a surrogate for use of nicotine-containing products, reinforced the observed association of increased disease activity with current smoking (data not shown). Finally, our results demonstrating similar levels of ACPA between current and former smokers were limited to the IgG isotype and may not reflect the well-demonstrated relationship between smoking and IgA ACPA. It is possible that reduced levels of IgA ACPA, the presence of which has been associated with a more severe disease course, could have been associated with the reduced RA disease activity observed in former (and never) smokers [3739] .
In conclusion, we observed that among anti-CCP-positive RA patients, current smoking status is associated with higher levels of disease activity and levels of multiple RAassociated inflammatory serum cytokines. Patients who report discontinuation in tobacco use have less disease activity, lower levels of serum cytokines and lower RF titres, whereas ACPA levels in former smokers remain relatively constistant with current smokers. Thus, in the anti-CCP-positive RA population, previous smoking cessation followed by sustained abstinence appears to be associated with decreased serum cytokines and decreased disease activity, an effect that appears independent of ACPA levels but potentially associated with RF titre. Based on these observations, the effect of smoking cessation on RA disease activity should be evaluated in a prospective manner, and serum cytokines may provide a supporting and/or surrogate biomarker of its efficacy.
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